We perform a comprehensive study to explore the low-energy crystalline phases of 3d transitional metalcerium (TM-Ce) binary compounds using an unbiased structural search method coupled with firstprinciples optimization. For Ce-Sc, Ce-Ti, Ce-V, Ce-Cr and Ce-Mn binary systems, no stable crystalline phases are found from the structural search, offering an explanation for why none of these binary compounds have been observed in experiments. For Ce-Fe, Ce-Co, Ce-Ni, Ce-Cu and Ce-Zn binary systems, in addition to the previously known experimental structures, we also find several new low-energy crystalline phases. The computed electronic structures show that Ce atoms are in different states in the predicted binary compounds. In the Ce-Fe, Ce-Co and Ce-Ni compounds, the Ce 4f electrons are partially itinerant so that Ce atoms tend to adopt intermediate valence states between Ce +4 and Ce +3 due to the hybridization among Ce-4f, Ce-5d states and 3d states of TM. In the Ce-Cu and Ce-Zn binary compounds, the Ce-4f states are more localized with the charge state of Ce being close to 3+. In particular, the ferromagnetic metal (FM)-rich phases of the Ce-Fe, Ce-Co and Ce-Ni compounds tend to exhibit FM ordering in their ground states, owing to the strong exchange interaction among metal elements, whereas the non-magnetic states are usually preferred for FM-deficient phases.
Introduction
Cerium and cerium-based intermetallic compounds have attracted considerable attention over the past decades due to their rich polymorphs and intriguing physical properties. Ce element itself possesses at least ve crystalline phases, denoted as a, a 0 , b, g, d phases, being stable at different conditions.
1,2
One of the most fascinating properties of pure Ce is the g 5 a isostructural solid-solid phase transition at $7 kbar. 1, 3, 4 Not only in Ce crystal, similar phase transitions were also observed in Ce liquid, 5 Ce-based compounds 6 and Ce-based metallic glasses. [16] [17] [18] and high glassforming ability, 19, 20 etc. The ability to adopt a different state for the Ce 4f electron in Ce-based intermetallic compounds leads to an interplay between the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and the Kondo effect, as described by the coupling constant J cf that reects the correlation between the electrons of the open f subshell of Ce and the conduction electrons in the intermetallic compounds. 21 J cf is dependent on temperature, and can be modied by pressure and chemical bonding as well. So different Ce-based intermetallic compounds may exhibit very different properties at different compositions, with different crystal structures and different distances between Ce atoms etc.
It is also known that the multi-valence-states of Ce can lead to richer phases of Ce-based intermetallic compounds. For example, for the Ce-Al binary compounds, crystalline phases of Ce 1 were synthesized experimentally, and they exhibit very different physical properties.
27-31
Among all the Ce-based binary compounds, the Ce and transition metal (Ce-TM) are of particular signicance due to the interplay between the 4f electrons of Ce and 3d electrons of transition metals, which can lead to rich physical properties. For examples, Ce 1 Cu 6 is known to be a heavy-fermion system, 11 while Ce 1 Cu 2 exhibits magnetic ordering and Kondo effects. 32 And with the same crystalline structure, Ce 1 Co 2 and Ce 1 Ni 2 exhibit paramagnetic or nonmagnetic property. 33, 34 Although considerable efforts have been made for the synthesis of Ce-TM binary compounds in the past decades, only several crystalline phases were successfully synthesized. To date, stable crystal structures of Ce-Sc, Ce-Ti, Ce-V, Ce-Cr and Ce-Mn binary compounds have not been reported in the literature, although some special crystalline structures have been found for the Ce-TM binary compounds, such as Ce 1 X 2 and Ce 1 X 5 (X ¼ Fe, Co, Ni, Cu, Zn), CeX (X ¼ Ni, Cu, Zn), Ce 1 Cu 6 and Ce 1 Ni 3 (obtained from Inorganic Crystal Structure Database), etc. Much more stable crystalline phases of Ce-TM binary compounds are expected to exist even though they have not been synthesized from experiments. Theoretical predictions of new structures of Ce-TM binary compounds would be helpful to guide future experimental synthesis.
With the state-of-the art global structure search methods, such as genetic algorithm, simulated annealing, topological modeling, and molecular packing, it is possible to identify new crystalline phases of Ce-TM binary compounds. In this study, we perform a systematic search for the stable and low-energy metastable crystalline structures of Ce-TM binary compounds Ce m TM n (where TM ¼ Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) using an evolutionary algorithm combined with rst-principles optimization. Besides experimentally observed phases, we found several new low-energy crystalline phases of Ce-TM (TM ¼ Fe, Co, Ni, Cu, Zn). Detailed structures, electronic and mechanical properties of the new phases are described below.
Computational method
An unbiased search of stable structures of Ce m X n is performed using the USPEX package. 35, 36 The selected method is based on an evolutionary algorithm which has been proven to be reliable in identifying new phases of a number of systems. [37] [38] [39] [40] The varying composition search method is applied to seek the most optimal composition of each system. Various compositions with the m : n ratios ranging from 1 : 7 to 7 : 1 with the constraint of m + n # 8 are explored. Medium-sized unit cells containing 8-16 atoms are considered. Three hundreds of structures are generated in the rst generation which ensures diversity of the structures at each composition. Sixty structures with different compositions are generated in the ensuing generations by using different evolutionary operations to the low-energy structures, including heredity (60% structures), so mutation (20%), transmutation (10%) and random production (10%). All the structures are optimized using VASP package 41 to achieve medium accuracy. Based on the computed energy of each structure, a rough convex-hull curve of formation energy is plotted, from which possible energetically stable structures and phases are selected out for further structural optimization at higher accuracy.
The structures which are located on or slightly above the convex-hull are picked out for re-optimization using VASP package. The Perdew-Burke-Enzerhof (PBE) 42 exchangecorrelation functional within the generalized gradient approximation (GGA) is used. We will point that although usually a Hubbard U correction should be considered for d-and f-elements, our calculations show that standard GGA calculations can give consistent results with experiments for the Ce-TM binary compounds concerned. Furthermore, GGA without U calculations were also performed in many previous theoretical works about Ce-based intermetallic compounds and also showed great success. 34, 43, 44 During the structural optimization, an all-electron plane-wave basis set with the energy cutoff of 300 eV and the k-point spacing smaller than 2p Â 0.03Å À1 in the Brillouin zone is used. It is done until the residual force acting on each atom is less than 0.01 eVÅ À1 . Then more accurate calculations with larger energy cutoff of 600 eV and denser k-point (less than 2p Â 0.02Å À1 ) are performed to get more accurate formation energies. Thus, relative stabilities of different structures with the same composition and those with different compositions are found based on the computed convex-hull of formation energy. Furthermore, to assure that no stable phases are missed in the structural search, we also examined structures and phases not seen from the structural search but are stable for other systems. By comparing their formation energies against those structures obtained from the structural search, we can determine the phase stability of each system with more condence.
To check dynamic stability of all the predicted structures, phonon spectrum, using the nite-displacement approach, is calculated as implemented in the Phonopy code 45 (combined with VASP). Moreover, the elastic constants of all the structures are calculated using the stress-strain relations. Mechanical stabilities of these structures can be examined according to the Born stability criteria.
46-48
From the calculated stiffness constants C ij and the compliance S ij , the Voigt and Reuss bulk and shear moduli are calculated according to the following formula:
where B V , G V and B R , G R are the Voigt bulk and shear moduli, and Reuss bulk and shear moduli respectively. The Voigt and Reuss elastic moduli can be viewed as the upper and lower bound respectively. In this study, the averaged bulk and shear moduli, B ¼ (B V + B R )/2 and G ¼ (G V + G R )/2, are adopted according to Voigt-Reuss-Hill approximations. 49 
Results and discussion

Phase stabilities
We have performed an extensive search for structures of the Ce-TM binary compounds of all 3d transition metals. To determine whether the binary compound of Ce 1Àx TM x can be formed and is stable against decomposition into its pure constituents, we calculated the formation enthalpies of all the structures obtained from the search according to the following formula:
where H(Ce 1Àx TM x ), H(Ce) and H(TM) are the enthalpy per atom of the compound Ce 1Àx TM x , pure Ce and pure TM, respectively. Based on the calculated formation enthalpies, the convex-hull curves of all the systems are plotted, as shown in Fig. 1 . The phases which are located at the vertex of the convex-hull are stable to resist decomposition into their pure constituents or phases of other compositions. Before the analysis, dynamic stabilities of the predicted energetically stable phases are examined. As shown in Fig. S1 (see the ESI †), all the predicted energetically stable structures are dynamically stable without any imaginary frequencies. According to the mechanical stability criteria, 46-48 all these phases are also mechanically stable based on the calculated elastic constants listed in Table  S1 . † For Ce-Sc, Ce-Ti, Ce-V, Ce-Cr and Ce-Mn, no stable phases were found from the structural search since the formation enthalpies of all the searched structures are positive. So, for TM ¼ Sc, Ti, V, Cr, and Mn, Ce-TM binary compounds are unlikely to form. For Ce-Fe, Ce-Co, Ce-Ni, Ce-Cu and Ce-Zn, interestingly, besides experimentally synthesized phases, some new structures are also found (see Fig. 1 -e) give rise to the convex-hull suggesting these predicted structures are also likely to be synthesized.
Lastly, for the Ce-Zn system, stable crystalline compounds with at least ve compositions may exist according to the computed convex-hull. The experimental structures of Ce 1 Zn 2 -e, Ce 1 Zn 3 -e and Ce 1 Zn 5 -e are located at the vertex of the convexhull. The new structure of Ce 1 Zn 1 -p and Ce 1 Zn 7 -p are also likely to be synthesized since they are also located at the convexhull curve. Moreover, a structure of Ce 1 Zn 4 -p from the search may also be synthesized because its formation energy is very close to the convex-hull curve.
We will point that although extensive efforts have been paid we cannot speculate to nd all the possible stable phases of Ce-TM compounds. For some complex phases which include more than sixteen atoms in the primitive cell, and those with too large compositions (x is too big or too small), we cannot nd them from our structural search. Nevertheless, so many lowenergy phases have been discovered which indicates that our structural search method is efficient. Based on these new phases, as well as those already known phases, we can get deeper understanding on the behavior of the Ce 4f electrons.
Structural features
The space groups and lattice constants of all the predicted phases are summarized in Table 1 . For comparison, the measured lattice constants of the experimental phases are also listed. Clearly, the calculated lattice constants are in good agreement with the measured values for the experimental phases.
3.2.1 Ce-Fe. The experimental phases of Ce 1 Fe 2 -e and Ce 1 Fe 5 -e possess high symmetries. Ce 1 Fe 2 -e belongs to the cubic crystalline system with the space group of Fd 3m (no. 227). Ce 1 Fe 5 -e is a hexagonal crystal whose space group is P6/mmm (no. 191). As shown in Fig. 2 , in both structures, the Ce and Fe atoms are highly coordinated, forming very compact structures. Here, the coordination number is counted at the bond-length cutoff of 3.5Å for Ce-Ce bond, 3.2Å for Ce-Fe bonds and 3.0 A for Fe-Fe respectively. The same criteria are used when counting the coordination number for the other Ce-TM compounds. In Ce 1 Fe 2 -e, each Ce atom is in coordination with four Ce atoms and twelve Fe atoms, while each Fe atom is in coordination with six Ce atoms and six Fe atoms, forming a distorted icosahedron. In Ce 1 Fe 5 -e, Ce is in coordination with eighteen Fe atoms, higher than that in Ce 1 Fe 2 -e. Fe is in coordination with three Ce atoms and nine Fe atoms, the same as that in Ce 1 Fe 2 -e. In both phases, Fe atoms form tetrahedrons. The Fe tetrahedrons connect with each other via sharing the vertex, forming the structural frames. The Ce atoms are inserted into the interstitials of the structural frames.
Structures of the predicted phases Table 1 The space group, lattice constants, bulk modulus B, shear modulus G, Pugh ratio B/G for Ce-Fe, Ce-Co, Ce-Ni, Ce-Cu, and Ce-Zn compounds Fig. 4 ). The experimental structure Ce 1 Ni 3 -e possesses a hexagonal lattice with the space group of P6 3 /mmc (no. 194). There are two nonequivalent Ce atoms (denoted as Ce 1 and Ce 2 respectively) and four nonequivalent Ni atoms in each unit cell, respectively. The rst Ce atom (Ce 1 ) is located at the center of a hexagonal ring of six Ni atoms. Besides the six Ni atoms, Ce 1 is bonded with two Ce 2 atoms located directly above and below Ce 1 . So the coordination number of Ce 1 is eight. Ce 2 is bonded with one Ce 1 atom, three Ce 2 atoms and twelve Ni atoms, respectively, and has a high coordination number of sixteen. For Ni atoms, the coordination number of three of them is twelve, while that of others is ten.
The structure of the predicted phases Ce 1 Ni 1 -p is much different from the experimental one and possesses much lower energy. Ce 1 Ni 1 -p has a cubic lattice with the space group of Fd 3m (no. 227). Each Ce or Ni atom is located at the center of a cubic whose vertices are occupied by four Ce or four Ni atoms, For the predicted phases, Ce 1 Cu 1 -p possesses an orthorhombic crystalline lattice with space group of Pmma (no. 51). Both Ce and Cu atoms form zig-zag atomic chains, respectively. Each Ce atomic chain connects with four Cu atomic chains, and vice versa. Each Ce atom is in coordination with six Cu atoms and two Ce atoms, and each Cu atom is in coordination with six Ce atoms and two Cu atoms. So the coordination number of them is eight. Ce 1 Cu 5 -p is a cubic crystal with the space group of F 43m (no. 216). In the conventional cell, there are one Ce atom located at the center of the cube and one Ce atom located at the center of each side of the cube, respectively. The Cu atoms form a face-capped pyramid structure with the Ce atom at the center. The four vertexes of the pyramid point to the four non-nearestneighbor corners of the cube to keep the T d rotation symmetry of the structure. The central Ce atom is bonded with all the Cu atoms of the face-capped pyramid except the four corner ones. Thus its coordination number is 16 of Ce 1 Zn 3 -e and Ce 1 Cu 3 -p, we nd that they are almost the same. The success of the synthesis of Ce 1 Zn 3 -e implies that the synthesis of Ce 1 Cu 3 -p is also possible to be synthesized by experiment.
For the predicted phases, the structure of 
Electronic properties
The diverse physical properties such as heavy-fermion, Kondolattice, and intermediate-valence effects of Ce-based binary compounds are highly correlated with the behavior of the 4f electrons in Ce. For the Ce-TM binary compounds, the 3d electrons of the TM elements may also affect their properties. To compute their electronic structures, various initial arrangements of magnetic moments, such as the ferromagnetic, antiferromagnetic, were considered for each structure and the spinpolarized (SP) calculations were performed for each magnetic conguration. We also carried out a non-spin-polarized (NSP) for each structure to compute the energy of a spin-degenerate nonmagnetic phase. The optimized stable magnetic congura-tions, the magnetic moment on each atom, and the relative energy per atom of the ferro-or antiferro-magnetic congura-tions compared to that of the spin-degenerate nonmagnetic state of each structure, are all listed in Table 2 . To gain deeper insight into the electronic and magnetic structures, the projected density of state (PDOS) of each phase is calculated, as shown in Fig. S2-S6 (see the ESI †) .
From the computed PDOS, we can see that there is obvious hybridization between the 3d states of the TM elements and the 4f and 5d states of Ce atoms for the Ce-Fe, Ce-Co and Ce-Ni binary compounds, while that for the Ce-Cu and Ce-Zn binary compounds is much weaker. Due to the strong hybridization, the distribution of the Ce 4f states is apparently broadened for Ce-Fe, Ce-Co and Ce-Ni compounds. For some phases, the Ce 4f states distribute in very large energy windows (3 to 4 eV) below the Fermi level, which means that some 4f electrons of Ce become itinerant, i.e. the Ce atoms may adopt intermediate valence states in these phases. For the Ce-Cu, Ce-Zn systems, the close-shell features of the 3d orbitals of Cu and Zn render them far away from the 4f orbitals of Ce. Hence, there is little hybridization between them. As shown in Fig. S5 and S6 , † the density of the 4f states of Ce in the Ce-Cu and Ce-Zn compounds is quite localized, and is crossed by E F in their lower part, indicating that the lower 4f bands are lling by electrons. In almost all the phases of Ce-Cu and Ce-Zn systems, the Ce atoms adopt trivalent states.
Moreover, as shown in Fig. S2 From the computed projected magnetic moments, we can see that in the ground magnetic state of Ce 1 Fe 2 -e, the magnetic moment (1.76 m B ) of Fe atoms is almost entirely originated from the 3d states, whereas that of Ce atoms is originated from both 4f (À0.58 m B ) states and 5d (À0.23 m B ) states. From the PDOS shown in Fig. S2 , † we can see that almost all of the spin-up Fe 3d states are distributed below the Fermi level, meaning that they are almost full-lled, while the spin-down Fe 3d states distribute a little higher and some of them are located above the Fermi level. Thus, the net magnetic moments on Fe atoms are aligned upward. Moreover, because the overlapping of the spindown Fe 3d states with the Ce 4f and 5d states, there is strong hybridization between them, which results in more Ce 4f and 5d electrons occupying the spin-down states. So the net magnetic moments on Ce atoms are aligned opposite to those on Fe atoms.
For the Ce 1 Fe 5 -e, spin-polarized computations with ten initial magnetic congurations (i.e.
, and non-spin-polarized calculation are performed. Three differently ordered magnetic congura-tions are found to be stable aer relaxation. The most stable magnetic conguration is still ferromagnetic (Y$[[[[[) , as that of Ce 1 Fe 2 -e. The magnetic moments on Ce atoms are À0.61 m B and those on Fe atoms are 2.12 m B . The magnetic moments on Ce are also contributed by both Ce 4f and 5d electrons. As shown in Fig. S2 , † similar to Ce 1 Fe 2 -e, the reason for the magnetic moments on Ce atoms is the strong hybridization between the Fe 3d and Ce 4f and 5d states due to the large splitting of the 3d spin-up and spin-down states. The energy difference between the ferromagnetic state and the states of Ce is a little larger for Ce 2 Co 1 -p and Ce 1 Co 1 -p phases than the corresponding Ce-Fe phases. Thus, the hybridization between the Co 3d states and the Ce 4f states is weaker in both Ce-Co phases than the Ce-Fe phases. For the Ce-Co phases, the hybridization between the Co 3d states and the Ce 4f states is still strong although there is no spin-splitting in the 3d states. So in the Ce-Co phases, the Ce 4f electrons are also partial itinerant.
3.3.3 Ce-Ni. For the Ce-Ni compounds, the electronic structures are similar to those of Ce-Co systems. Only Ce 1 Ni 5 -e exhibits ordered magnetic patterns, and it is also ferromagnetic. This is discrepancy with experiment, which is also encountered in the theoretical study. 34 However, this must be regard as a minor one since the energy difference between the ferromagnetic state and the nonmagnetic state is only À3 meV per atom. The Ce 1 Ni 1 -p, Ce 1 Ni 2 -e and Ce 1 Ni 3 -e adopt nonmagnetic ground state based on our calculations. The Ce atoms in the phases of Ce 1 Ni 2 -e, Ce 1 Ni 3 -e and Ce 1 Ni 5 -e also adopt intermediate valence states due to the hybridization between the Ce4f states and Ni-3d states as shown in Fig. S4 . † Very interestingly, as shown in Fig. S4 , † there is an energy gap in which the Fermi level is located for the phase of Ce 1 Ni 1 -p, meaning that it is a semiconductor rather than a conductor. Its band structure is shown in Fig. 7 . The computed band gap is 0.15 eV at PBE level. To verify the existence of the band gap, we also used the Heyd-Scuseria-Ernzerhof (HSE06) exchangecorrelation functional. 51 The computed HSE06 band gap is very close to the PBE value. From the PDOS, we see that the top of the valence band and the bottom of the conduction band are both mainly contributed by Ce-4f states. The appearance of the band gap at E F suggests that all the Ce-4f electrons become conducting electrons, i.e. they are delocalized. Thus, in the phase Ce 1 Ni 1 -p, the Ce atoms are in tetravalent state which is different from all the other phases of Ce-TM compounds.
3.3.4 Ce-Cu and Ce-Zn. For the Ce-Cu compounds, Ce 1 Cu 2 -e, Ce 1 Cu 3 -p, Ce 1 Cu 5 -p, Ce 1 Cu 6 -e possess magnetic properties in their ground states. As listed in Table 2 and shown in Fig. S5 
Mechanical properties
Considering the potential application of the Ce-TM compounds, we also computed their mechanical properties. The computed bulk modulus B and shear modulus G are listed in Table 1 . Detailed elastic constants are listed in Table S1 (see the ESI †). Based on the bulk modulus and shear modulus, Pugh 52 introduced a parameter B/G to distinguish whether the material is ductile or brittle. When the value of B/G is greater than 1.75, this material is ductile, otherwise it is brittle. The values of B/G for each phase are also listed in Table 1 .
As listed in Tables 1 and S1 , † the calculated elastic constants and moduli of some experimental phases are in excellent agreement with the measured values. [53] [54] [55] [56] Because Ce is a much soer material compared to the 3d transition metals, the bulk moduli of Ce-TM compounds will increase as the concentration of the TM elements increases, as listed in Table 1 . Among these different Ce-TM compounds, Ce-Co and Ce-Ni compounds usually possess larger bulk moduli than the same composition Ce-Fe, Ce-Cu and Ce-Zn compounds. The bulk modulus reects the ability of a substance resisting the compression, and it is in relation with the bond strength in this material. Because the metallic bonding arises from the electrostatic attractive force between the conduction electrons and the positively charged metal ions, the strength of the metallic bond in a metallic substance is dependent on the valence electrons of the metal elements. For the Ce-Fe, Ce-Co, and Ce-Ni compounds, the 3d electrons of the TM elements and some of the 4f and 5d electrons of the Ce elements are conduction electrons. At the same composition, Ce-Fe compound contains relatively less amount of conduction electrons than that of CeCo and Ce-Ni. The metallic bonds in Ce-Fe compounds are relatively weaker than those in Ce-Co and Ce-Ni compounds. Hence, the bulk moduli of Ce-Fe compounds are smaller than those of the Ce-Co and Ce-Ni compounds. For Ce-Cu and CeZn compounds, because the valence electrons of Cu and Zn are 4s electrons, the 4f electrons of Ce are localized, the conduction electrons in the Ce-Cu and Ce-Zn compounds are much less than those in the Ce-Fe, Ce-Co and Ce-Ni compounds. As such, the bond strength in the Ce-Cu and Ce-Zn compounds is weaker than that in Ce-Fe, Ce-Co and Ce-Ni compounds, which can result in relatively smaller bulk moduli.
The shear modulus reects ability of the material resisting the shear stress, which is correlated with not only the bond strength but also the crystalline structure. For the same crystalline structure, as shown in Table 1 , the Ce-Co and Ce-Ni compounds also possess the larger shear moduli. The values of the parameter B/G for Ce-Fe, Ce-Co and Ce-Ni are relatively larger than the critical value of 1.75, which means they are more ductile, while for most phases of Ce-Cu and Ce-Zn compounds the values are smaller than 1.75 so that they are more brittle. The different ductility of some phases of the Ce-Cu and Ce-Zn compounds with those of the Ce-Fe, Ce-Co and Ce-Ni compounds may be due to the different states of the 4f electrons of Ce.
Conclusion
We have systematically studied phase stabilities, structures and the electronic properties, as well as mechanical properties of the binary compounds of cerium and 3d-transitional metal systems at ambient pressure and 0 K, using the USPEX code coupled with rst-principles calculations. For Ce-Sc, Ce-Ti, Ce-V, Ce-Cr and Ce-Mn systems, no stable crystalline phases are found. For Ce-Fe, Ce-Co, Ce-Ni, Ce-Cu and Ce-Zn binary compounds, besides the experimentally observed phases, a number of new low-energy phases are predicted. The calculated phonon spectrum and elastic constants indicate that all the newly predicted phases are dynamically and mechanically stable. The detailed structures, electronic structures, magnetic properties, and mechanic properties of these structures are computed. The computed electronic structures indicate that there is obvious hybridization between the Ce-4f and Ce-5d states and the TM-3d states in the phases of Ce-Fe, Ce-Co and Ce-Ni compounds. So the Ce atoms in these phases are usually in intermediate valence states between Ce +3 and Ce +4 . The Ce-4f states in the phases of Ce-Cu and Ce-Zn compounds are much more localized, indicating that the Ce atoms in these phases are in trivalent states. The TM-rich phases of Ce-Fe, Ce-Co, Ce-Ni are usually in ferromagnetic ordering in their ground states, due to the strong exchange interaction between the TM elements. The Cu-rich and Zn-rich phases of Ce-Cu and Ce-Zn compounds also exhibit magnetic properties where magnetic moments are only located on Ce atoms, due to the Kondo effects. The relative larger bulk moduli indicate that Ce-Co and Ce-Ni compounds have relatively higher ability to resist compression. The computed Pugh parameter B/G suggests that most of Ce-Cu and Ce-Zn compounds may be more brittle because of the more localized states of Ce-4f electrons in the Ce-Cu and Ce-Zn compounds while those of Ce-Fe, Ce-Co and Ce-Ni may be more ductile. Our results offer important new data which will be useful for better understanding of intriguing behavior of Ce 4f electrons in Ce-TM compounds. The predicted new phases of the Ce-TM binary compounds will also motivate future experimental conrmation.
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